An on-chip signal conditioning CMOS Integrated Circuit on Si (111) was fabricated for use in multi-point neural activity recording. The two-dimensional (2D) micro-Si probe array for neural activity recording sensor can be fabricated on the IC by Vapor-Liquid-Solid (VLS) growth method. However, the circuit has to be fabricated on Si (111) wafer because micro-Si probe is grown perpendicularly only on Si (111) wafer. Proper process conditions were established for fabrication of CMOS on Si (111). The circuits include 8×8 array of signal conditioning pixels with two 8-bit shift registers as 2D scanning circuits and a frequency divider. It is found from evaluated results of the fabricated circuits on Si (111) that CMOS circuits can be formed on Si (111) with enough performance. The output signal is detected from the selected pixel with the circuit. Increasing the potential at the selected pixel, the output signal increases in proportion to the potential. It has been confirmed that circuits on Si (111) are possible to be realized and available for image-recording sensor of neural activity.
Introduction
In in-vivo studies, multipoint recordable Si probe arrays of penetrating needle type with same size as the neurons allow researchers to reconsider the neuron system ( 
1) ～ (4)
. We have proposed a smart image-recording sensor of neural activity with signal processing circuits and micro-Si probe array integrated on the same Si chip (5) . Figure 1 shows concept diagram of the image-recording sensor of neural activity with circuits and micro-Si probe array. This sensor is fabricated with CMOS technology and a selective Au-Si 2 H 6 Vapor-Liquid-Solid (VLS) growth method. The VLS growth of single crystal Si probe is carried out on Si (111) wafer using Au dots formed with lift-off process and then Si 2 H 6 gas source MBE (6) . Si probes can be grown perpendicularly and selectively in a few tens of micron intervals same as the neuron size by using selective VLS growth method. Those probes are suitable to measure the neurons, because the probes can be penetrated exactly and perpendicularly the neurons which are measuring objects. We have studied the Si probe array growth technology with on-chip n-MOSFET switching circuits on Si (111). As a result, n-MOSFET properties such as leakage current and threshold voltage were not affected significantly by VLS growth (5) , and degradation of n-MOSFET due to Au diffusion during VLS growth is not serious.
Nevertheless, there are two problems that circuits have to be fabricated on Si (111) wafer with VLS growth. One of the problems is device performance degradation caused by existence of a large number of interface state density on Si (111) as compared with Si (100). Another problem in the fabrication process is high-temperature (500 °C ~ 700 °C) damage in the VLS growth process followed by CMOS process. In order to realize the image-recording sensor of neural activity, it is necessary to fabricate CMOS circuit on Si (111). In this study, CMOS Integrated Circuit for the image-recoding of neural activity was designed, fabricated, and evaluated. The fabricated circuit was designed for scanning two-dimensional (2D) signal distribution with enough operation speed for measurement of the neural activity signal. In this paper, the performances of CMOS Integrated Circuit on Si (111) for the image-recording sensor of neural activity are discussed. Figure 2 shows the configuration of the image-recording circuit. The circuit, which is fabricated by CMOS technology, is able to scan 2D signal distribution of neural activity. The circuit formed on Si (111) includes 8×8 pixels of Si probe, two 8-bit shift registers used to select 2D address, and a ripple carry counter for frequency divider. The two shift registers select each pixel of Si probe sequentially. The frequency divider is connected to horizontal scan shift register to control the timing of the scan. If a probe pixel is selected by the scanning circuit, probe voltage is fed to the output through the output stage. At the output stage, a source follower is formed. The high impedance of the neuron is decreased by the source follower in the output stage. Each pixel of the circuit includes one Si probe. The configuration of one pixel with Si probe is shown in Fig.3 . In this circuit, a large number of the points can be measured due to the small pixel, because the MOSFETs in one pixel are only two. This circuit was designed and fabricated on Si (111).
Configuration of Si (111) CMOS Circuit
As mentioned at introduction, there is a large number of interface state density at Si-SiO 2 interface on Si (111) as compared with that on Si (100). Actually, as a previous result of our fabrication and measurement of n-and p-MOSFET on Si (111), transconductance and mobility of n-and p-MOSFET on Si (111) were smaller than those on Si (100). Transconductances of n-and p-MOSFET on Si (111) were about 65 % and 35% of Si (100) MOSFET, respectively. And mobility of n-and p-MOSFET on Si (111) were about 50 % and 75% of Si (100) MOSFET, respectively. From the results mentioned above, it is understood that those values between Si (111) MOSFET and Si (100) MOSFET are different. Therefore, for fabrication of CMOS circuit on Si (111), the circuit was designed with consideration those differences.
Fabrication of CMOS Circuit on Si (111)
There are two problems to be solved for fabrication of CMOS circuit on Si (111) with VLS growth method. One of the problems is the use of Si (111) wafer. On Si (111) wafer, the interface state density is about ten times higher than that on Si (100). It is expected that S-factor will be large and a threshold voltage of MOSFET will be shifted. Another problem in the fabrication process is high-temperature (500 °C ~ 700 °C) damage in the VLS growth process followed after CMOS process. Additionally, Al is impossible to be used in high-temperature VLS process.
For the first problem, the fabricated chips were annealed to reduce interface state density by hydrogen ambient (460 °C for 150 min) after CMOS fabrication. In addition, threshold voltages of n-and p-MOSFET were controlled to be 1.0 V and -1.0 V, respectively by optimizing ion-implantation doses. These added processes are considered to be effective for improving characteristics of MOSFET on Si (111). Another problem was solved by changing the interconnection metal material. Instead of Al, tungsten (W) interconnection was used for high-temperature process of VLS growth. The designed CMOS circuit was fabricated on Si (111) wafer at the Electron Device Research Center in Toyohashi University of Technology. Figure 4 shows a photograph of the fabricated CMOS circuit chip on Si (111).
Evaluation Results

Characteristics of MOSFETs on Si (111)
As the result of evaluation of I D -V G characteristics of n-MOSFET on Si (111) before thermal annealing in hydrogen ambient, threshold voltage, transconductance, field effect mobility, and S-factor were 5.0 V, 6.1 µS, 275 cm 2 /V⋅s and 1540 mV/decade, respectively. Nevertheless, as the result of thermal annealing in hydrogen ambient for 150 min, the threshold voltage, the transconductance, the field effect mobility, and the S-factor were improved to 1.2 V, 9.9 µS, 446 cm 2 /V·s and 178 mV/decade, respectively. Figure 5 shows measured I D -V G characteristics of n-MOSFET on Si (111) annealed in hydrogen ambient and n-MOSFET on Si (100). The gate length and width are 10 µm and 100 µm, respectively. Threshold voltage, transconductance, field effect mobility, and S-factor of n-MOSFET on Si (100) were 0.8 V, 18.5 µS, 850 cm 2 /V·s and 114 mV/decade, respectively.
As the result of evaluation of I D -V G characteristics of Figure 7 shows the output waveform of the 8-bit shift register on Si (111). Figure 7 (a), (b) and (c) are the clock pulse, the 1st bit output and the 2nd bit output of the 8-bit shift register, respectively. The measured maximum operation frequency of the 8-bit shift register on Si (111) is 3.0 MHz. In that circuit on Si (100), the measured maximum operation frequency is 2.8 MHz.
Operation of the 8-bit Shift register on Si (111)
The maximum operation frequency of the circuit on Si (111) is almost equal to that of the circuit on Si (100). One of the reasons of the close maximum operation frequency is the balance of the maximum current of p-MOSFETs and that of n-MOSFETs. From Fig. 5 , maximum current of Si (111) n-MOSFET is smaller than that of Si (100). In contrast, from Fig.6 (a) , maximum current of Si (111) p-MOSFET is higher than that of Si (100), because the threshold voltage of Si (111) p-MOSFET is lower than that of Si (100). The bandwidth of neural activity signal is below 10 kHz. Then, each probe pixel has to be switched at a 1.2 MHz to scan 64 sites. So, the operation speed is high enough to obtain a potential image from this device at the required frame rate. If a higher scan speed is required, design rule shrinking of CMOS circuit is necessary.
Operation of the Image-Recording Circuit for Neural
Activity
The image-recording circuit of neural activity on Si (111) was evaluated with external voltage. The pixel at (X, Y) = (8, 2) was selected to apply a potential externally as shown in Fig.8 .
The output of 8th bit of the horizontal scanning circuit and the output of 2nd bit of the vertical scanning circuit are shown in Fig.9 (a) and (b) , respectively. The period of horizontal scanning circuit is 8 times as long as that of vertical scanning circuit. When the pixel is selected, the potential of each pixel is fed to the output line. The output of (X, Y) = (8, 2) pixel appeared at 0.425 sec selectively in Fig.9(c) . This output corresponds to a logical "AND" of the select signals shown in Fig.9 (a) and (b) . Therefore, it is confirmed that the address scanning circuit in the fabricated chip selects each pixel.
Then, pixel output characteristic for the external applied voltage from 1 V to 3 V are evaluated. The input-output characteristic is shown in Fig.10 . For an applied voltage between 1.0 V and 2.0 V, the output voltage change is proportional to the input voltage of the selected pixel. The output voltage is saturated when the external voltage is more than 2.0 V. The amplitude of neural activity voltage is in a range from a few mV to 100 mV. And if the circuit is biased, the pixel is able to measure around 0 V. Therefore, it is inferred that the pixel can be used to measure the neural activity voltage.
From these results, it is considered that CMOS signal processing circuit for neural activity with VLS grown Si probe can be realized by CMOS technology on Si (111).
Conclusion
CMOS Integrated Circuit for image-recording sensor of neural activity is fabricated on Si (111). It is found that CMOS circuit on Si (111) can be fabricated with enough performance by adjusting some fabrication process parameters such as ion-implantation dose and annealing time in hydrogen ambient. The operation of scanning circuit on Si (111) is confirmed. The signal bandwidth of the circuit is nearly equal to that of the scanning circuit fabricated on Si (100). And the measured signal bandwidth is enough for the purpose of neural activity recording. A linear relationship between input and output of the detection circuit for each pixel is obtained. It is experimentally demonstrated that CMOS circuits on Si (111) have close performance to CMOS circuits formed on Si (100). 
